ABSTRACT: Intrauterine growth retardation (IUGR) has been linked to the development of type 2 diabetes in later life. The mechanisms underlying this phenomenon are unknown. Recent data suggest that some of the molecular defects underlying type 2 diabetes reside in the CNS. The enzyme carnitine palmitoyltransferase-1 (CPT1) regulates long-chain fatty acid (LCFA) entry into mitochondria, where LCFA undergo ␤-oxidation. Hypothalamic inhibition of CPT1 decreases food intake and suppresses endogenous glucose production. Our aim was to investigate the effects of uterine artery ligation, a procedure that mimics uteroplacental insufficiency, on the CNS expression of CPT1 and other key enzymes of LCFA metabolism. Bilateral uterine artery ligation was performed on d 19 of gestation in the pregnant rat; sham-operated pregnant rats served as controls. Hypothalamus, cerebellum, hippocampus, and cortex were dissected and analyzed at birth by real-time PCR. Nonesterified fatty acid (NEFA) serum levels were significantly higher in IUGR pups (p Ͻ 0.0001). In IUGR rats, the hypothalamic expression of CPT1 isoform C (p ϭ 0.005) and acetyl-CoA carboxylase (ACC) isoforms alpha (p Ͻ 0.05) and beta (p ϭ 0.005) were significantly decreased. The data presented here support the hypothesis that an abnormal intrauterine milieu can induce changes in hypothalamic lipid sensing. E pidemiologic studies in man have shown that impaired intrauterine growth is associated with an increased incidence of insulin resistance, type 2 diabetes, and cardiovascular disease in the adult (1-5). These observations have led to the hypothesis that adult disease arises in utero, in part, as a result of changes in the development of key endocrine and metabolic pathways during suboptimal intrauterine conditions associated with impaired fetal growth. This hypothesis has been tested experimentally in a number of species, using a range of techniques to impair fetal growth. Inducing IUGR by placental insufficiency or by undernutrition, stress, or hormone treatment of the mother leads to endocrine and metabolic alterations in the adult offspring in several species (6). These findings have led to the "fetal origins" hypothesis, which suggests that an adverse intrauterine environment would program or imprint the development of fetal tissues, permanently determining responses producing later dysfunction and disease (7).
pidemiologic studies in man have shown that impaired intrauterine growth is associated with an increased incidence of insulin resistance, type 2 diabetes, and cardiovascular disease in the adult (1) (2) (3) (4) (5) . These observations have led to the hypothesis that adult disease arises in utero, in part, as a result of changes in the development of key endocrine and metabolic pathways during suboptimal intrauterine conditions associated with impaired fetal growth. This hypothesis has been tested experimentally in a number of species, using a range of techniques to impair fetal growth. Inducing IUGR by placental insufficiency or by undernutrition, stress, or hormone treatment of the mother leads to endocrine and metabolic alterations in the adult offspring in several species (6) . These findings have led to the "fetal origins" hypothesis, which suggests that an adverse intrauterine environment would program or imprint the development of fetal tissues, permanently determining responses producing later dysfunction and disease (7) .
The hypothalamus is emerging as a critical site for the integration of nutritional, endocrine, and neural cues signaling the body's metabolic and nutritional status. Neurons in the hypothalamus (particularly in the arcuate nucleus) are primary targets of a number of key hormones and metabolic signals. Hypothalamic neurons, in turn, target several downstream sites to influence the coordinated autonomic, behavioral, and endocrine responses. These signals should normally activate a negative feedback loop between the availability of nutrients and their intake and metabolism (8 -10) . A major breakthrough in the understanding of mechanisms leading to type 2 diabetes has recently come from studies on the CNSdependent regulation of glucose and fat metabolism, showing that some of the molecular defects underlying type 2 diabetes may reside in the CNS, supporting the concept that type 2 diabetes is, at least in part, a hypothalamic disorder (10 -12) .
Several lines of evidence indicate that lipid metabolism in neurons plays a pivotal role in mediating the hypothalamic responses to fuel availability. Consistent with this, intracerebroventricular (ICV) administration of FAS inhibitors reduces food intake, neuropeptide Y (NPY) expression, and blood glucose levels (13) . The enzyme CPT1 regulates the entry of LCFA into mitochondria, the site where LCFA undergo ␤-oxidation. Hypothalamic inhibition of CPT1 decreases food intake and suppresses endogenous glucose production (14) via a neural pathway, which requires the activation of K ATP channels localized in the arcuate nucleus and efferent vagal fibers innervating the liver (15, 16) . These findings indicate that changes in the rate of lipid oxidation in selective hypothalamic neurons signal nutrient availability to the hypothalamus, which in turn modulates the exogenous and endogenous flux of nutrients into the circulation (17) .
Simmons and co-workers (18, 19) developed an animal model of IUGR induced by bilateral uterine artery ligation. Blood flow to the fetus is not ablated but is reduced to a similar degree to that observed in human pregnancies compli-cated by uteroplacental insufficiency. In this model, the resulting uteroplacental insufficiency leads to growth retarded fetuses with a metabolic profile very similar to that of IUGR human fetuses (18 -20) . These animals exhibit mild peripheral insulin resistance and ␤-cell secretory defects very early in life but have adequate compensatory insulin secretion for several weeks. However, eventually, ␤-cell compensation fails, and overt diabetes occurs.
We asked whether a change in hypothalamic lipid sensing is associated with IUGR and may account for the risk of developing insulin resistance and type 2 diabetes. To test this hypothesis, we examined the impact of uteroplacental insufficiency, obtained in Sprague-Dawley rats by bilateral uterine artery ligation, on the hypothalamic expression of CPT1 and other key enzymes of lipid metabolism.
METHODS
Animal model. Time-dated Sprague-Dawley pregnant rats (Harlan Laboratories, Madison, WI) were individually housed under standard conditions and allowed free access to standard chow and water. On d 19 of gestation (term is 22 d), the maternal rats were anesthetized with intramuscular injections of xylazine (Sigma Chemical Co., St. Louis, MO), 8 mg/kg, and ketamine (Sigma Chemical Co.), 40 mg/kg, and the abdomen was opened along the midline. Suture was placed around both uterine arteries, then either tied or withdrawn before closing the abdomen (18, 19) . Dams recovered quickly from uterine artery ligation and sham procedures and resumed feeding the same day. After recovery, rats had ad libitum access to food and water. The pregnant rats were allowed to deliver spontaneously, and d 0 pups were weighed and killed by cervical dislocation. Tissues of interest were immediately harvested and frozen in liquid nitrogen and stored at -80°C. All procedures complied with Italian regulations for laboratory animal care, according to the guidelines and under supervision of the Animal Technology Station, Interdepartmental Service Center, Tor Vergata University, Rome, Italy.
RNA isolation and cDNA synthesis. Total RNA was extracted using TriPure (Roche Diagnostics, Indianapolis, IN) according to the manufacturer's instructions and quantified in duplicate using UV absorbance at 260 nm. Gel electrophoresis confirmed the integrity of the samples. One microgram RNA, pretreated with RNase-free DNase (Invitrogen, Carlsbad, CA) was transcribed into the cDNA using the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA) in a final volume of 50 L following the manufacturer's protocol. To minimize variation in the reverse transcription reaction, all RNA samples from a single experimental setup were reverse transcribed simultaneously.
Real-time RT-PCR. We explored the expression of key enzymes that regulate fatty acid metabolism in the hypothalamus (Fig. 1) . Real-time RT-PCR was performed on an ABI PRISM 7000 Sequencer Detector (Applied Biosystems). PCR primers and TaqMan probes were used to amplify and detect CPT1A and CPT1B. ACC␣, ACC␤, ACS, AMPK, FAS, malonylCoA decarboxylase (MCD), and the housekeeping gene 18S were commercially available (Assay-on-Demand Gene Expression Product; Applied Biosystems). CPT1C primers and TaqMan probe were designed using Primer Express Software (Applied Biosystems). Target probes were labeled with fluorescent dye FAM. Forward primer was 5=-ACGGCTTCCCGGAACAG, reverse primer was 5=-TGTGAGAGCCATGAAAACAAG, and probe was (5=-3=) AGGACAGACCAACAGTG (GenBank accession number XM_218625).
Before performing real-time PCR, primers and probe concentration were determined to demonstrate their specificity and optimal reaction condition. 18S was used as an internal control for differences in cDNA loading. Before the use of 18S as a control, parallel serial dilutions of cDNA were quantified to prove the validity of using 18S as an internal control.
The real-time RT-PCR amplification was performed in tissues from 15 sham-operated and 15 IUGR rats. Experiments were performed in triplicate using 96-well tray and optical adhesive covers (Applied Biosystems) in a final reaction mixture of 20 L containing 5 L of undiluted cDNA. Real-time PCR was performed using Platinum Quantitative PCR SuperMix-UDG with ROX (Invitrogen). The cycling consisted of 2 min at 50°C, 2 min at 95°C followed by 45 cycles of 95°C for 15 s and 60°C for 45 s. Gene expression was presented using the 2 -⌬⌬Ct method, first described by Livak [Livak K 1997 Relative quantitation of gene expression: ABI PRISM ® 7700 Sequence Detection System. Applied Biosystems User Bulletin #2 (part no. 4303859)].
Determination of reaction efficiency was routinely used as an internal quality control for adequate assay performance. Crossing of threshold (Ct) values obtained for the target gene were normalized against each individual 18S value, which was run in the same well of the real-time RT-PCR run. Relative quantification of PCR products were then based on value differences between the target and 18S control using the comparative Ct method. The amount of target, normalized to an endogenous reference and relative to a calibrator, is given by the formula 2 -⌬⌬CT (fold change). Plasma assays. At birth, 30 sham-operated and 30 IUGR pups were decapitated, blood was collected and centrifuged at 1900 ϫ g at 4°C for 10 min, and plasma was stored at -80°C. Glucose, insulin, and NEFA concentrations were measured.
Glucose was determined using a colorimetric commercial kit (Sigma Chemical Co.). Plasma insulin concentrations were measured in duplicate by a rat/mouse insulin ELISA kit, using rat insulin as the standard (Linco Research, St. Charles, MO) according to the manufacturer's instructions. The intraassay CV was 1.2-8.4%, the interassay CV was 6.0 -17.9%, and the sensitivity limit was 0.2 ng/mL.
Quantification of NEFA was determined using a commercially available NEFA C test kit (Wako Chemicals, Osaka, Japan) as instructed by the manufacturer (reading absorbance is 550 nm). The intraassay CV was 1.1-2.7%. The linear range of the assay is 0 -57.1 mg/dL. Statistical analysis. Real-time data were analyzed using the Statistical Package for Social Sciences (SPSS version 12.0, SPSS Inc., Chicago, IL). The available data consisted of dCt levels measured in rats. The aim of the study was to estimate and compare means of groups representing two different treatments.
The structure of the data suggested the use of a linear mixed-effects model (also called variance component ANOVA), to correctly represent the hierarchical structure of data (treatment/no treatment ¡ mother ¡ offspring ¡ replicate), where the last three levels were considered as variance components and not as parameters of interest. This model handles correlated data and unequal variances, very common in situations such as repeated measurements or hierarchically nested experimental units.
For this reason, we started by fitting a variance components model to the data to estimate the effect of the treatment on the dCt level and to partition the variance between that arising due to differences among mothers and that due to differences among rat offspring nested into mothers. Furthermore, there was another source of variance due to the repeated measurements on each observation. In a linear mixed-effects model, responses from a subject are thought to be the sum (linear) of so-called fixed and random effects. In our model, treatment was considered the fixed effect, since it affects the population mean; mother, offspring, and repeated measurements effects were treated as random effects because they contributed only to the covariance structure of the data. Correlations between cases was introduced by the random effects. Formally, the outcome for the k-th replicate (measurement) of the j-th offspring from the i-th mother was modeled in the following way: 
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where 0 is the mean of the control group; T ijk is an indicator (yes/no ϭ 1/0) of treatment, ⌬ represents the differential effect on the mean due to the treatment, and M i , O ij , and ijk are the random effects of mother, offspring, and replicate, respectively, all assumed to be normally distributed with mean 0 and respective variances m 2 , o 2 , and r 2 . Five parameters were estimated: the three variances m 2 , o 2 , and r 2 and the means 0 and ⌬. However, the main interest of this study was the estimate and the statistical significance of the parameter ⌬. For plasma assays, statistical analysis was performed using unpaired two-tailed t test. Differences were considered statistically significant at p Ͻ 0.05.
RESULTS
Animal weights and metabolic profile. Birth weights of IUGR animals were significantly lower than those of controls (mean weight Ϯ SD: 4.0 Ϯ 0.57 versus 6.5 Ϯ 0.32 g, p Ͻ 0.001). No significant differences were observed in blood glucose and insulin levels ( Table 1 ). As one of the hallmarks of insulin resistance and type 2 diabetes is the increase of circulating FFA, we tested NEFA levels in sham and IUGR pups at d 0. NEFA levels were significantly higher in IUGR than sham animals ( Table 1) .
Expression of CPT1 isoforms in CNS. Three CPT1 isoforms with various tissue distributions and encoded by distinct genes have been identified: liver (CPT1A) (21) , muscle (CPT1B) (22) , and brain (CPT1C) (23) . Quantitative expression of CPT1A, CPT1B, and CPT1C was measured by quantitative RT-PCR in different CNS areas (hypothalamus, cortex, hippocampus, and cerebellum) of sham (n ϭ 15) and IUGR rats (n ϭ 15 from four different litters) at d 0. Statistical analysis showed that results were not affected by the different litters but only by the different treatments.
The expression of CPT1C resulted significantly lower (30% less) in the hypothalamus of IUGR pups, whereas was significantly increased in the hippocampus (Fig. 2) . No change in CPT1C expression was found in the cortex and cerebellum. No significant difference was found in the expression of CPT1A and CPT1B in the different brain areas (Fig. 2) .
Expression of ACC␣, ACC␤, ACS, AMPK, FAS, and MCD in the hypothalamus. LCFA act as nutrient abundance signals in the hypothalamus and function as signalling molecules informing the hypothalamus about the body's metabolic status (24) . The expression of key enzymes that regulate hypothalamus lipid sensing was assessed (Fig. 1) .
The expression of ACC␣ and ACC␤ was significantly reduced (by 52% and 39%, respectively) in the hypothalamus of IUGR rats (Fig. 3) . No significant variations in the hypothalamic expression of ACS, AMPK, FAS, and MCD were found in IUGR rats (Fig. 3) . Although a tendency toward an increase of FAS expression and a reduction of AMPK expression was noted, these changes did not achieve statistical significance due to the high variability.
DISCUSSION
The present study shows for the first time a down-regulation of the expression of hypothalamic CPT1C in an animal model of IUGR. CPT1 regulates LCFA entry into mitochondria, where it undergoes beta-oxidation. The most widely expressed form is the liver isoform, designated L-CPT1 or CPT1A. The isoform mostly expressed in muscle and adipose tissue is M-CPT1 or CPT1B. Finally, the most recently discovered form is the brain-specific isoform, named CPT1C. CPT1C protein sequence contains all the residues known to be important for both carnitine palmitoyltransferase activity and malonyl-CoA binding (23) . Hypothalamic inhibition of CPT1 decreases food intake and suppresses endogenous glucose production (14) , indicating that changes in the rate of lipid oxidation in selective hypothalamic neurons signal nutrient availability to the hypothalamus, which in turn modulates the exogenous and endogenous inputs of nutrients into the circulation.
The intracellular increase in LCFA induces a sensing mechanism in hypothalamic neurons, ultimately reducing liver glucose production (8) . An increased rate of glucose production is a major determinant of fasting hyperglycemia in type 2 diabetes (25) . Circulating levels of LCFA, which are often elevated in obese and diabetic individuals, have been suggested as an important causative link between obesity and type 2 diabetes (26 -29) . LCFA are potent stimulators of hepatic gluconeogenesis (30 -34) . Despite these effects on gluconeogenesis, changes in circulating LCFA levels often do not modify glucose production because of concomitant and opposite changes in the rate of glycogenolysis (35) . The central action of circulating LCFA is required to counteract LCFAinduced stimulation of gluconeogenesis and to prevent an increase in glucose production, thereby providing an extrahepatic site for hepatic autoregulation. The present finding of reduced CPT1C expression in the hypothalamus of IUGR animals is consistent with our previous observation of reduced blood glucose levels in children born small for gestational age (36) . Reduced CPT1C activity might in fact lead to the accumulation of LCFA, which in turn inhibit food intake and endogenous glucose production. However, no alterations in blood glucose and insulin levels were observed in IUGR rats, as previously reported (20) . The finding of normal expression of CPT1A and CPT1B isoforms in CNS suggests that these two isoforms may compensate for CPT1C decrease.
The finding of elevated NEFA concentrations in IUGR rats is consistent with a previous report showing significant elevations of NEFA in IUGR Sprague-Dawley rats before the onset of diabetes (37) . FFA have been implicated in the pathogenesis of insulin resistance and type 2 diabetes (33), and the increase of NEFA levels in IUGR pups may be related to the risk of developing diabetes in adulthood.
The up-regulation of CPT1C expression in the hippocampus is a novel finding. Rat hippocampus contains high concentrations of NPY (38), a key regulator of feeding behavior. It is tempting to speculate that hippocampus may be another regulatory site of food intake and lipid metabolism, potentially affected by uteroplacental insufficiency.
The other major finding of the present study was the reduced expression of ACC␣ and ACC␤ in the hypothalamus of IUGR rats. ACC catalyzes the formation of malonyl-CoA, an essential substrate for fatty acid synthesis in lipogenic tissues and a key regulatory molecule in muscle, brain, and other tissues (39) . Cellular levels of malonyl-CoA repress CPT1 activity and decrease LCFA-CoAs oxidation. MCD converts malonyl-CoA to acetyl-CoA. Recent evidence underscores the role played by malonyl-CoA in the hypothalamic arcuate nucleus as a major modulator of intracellular LCFACoA levels (40, 41) . MCD overexpression in arcuate nucleus leads to reduced accumulation of LCFA-CoAs, increased food intake, and augmented endogenous glucose production (41) . These results suggest that neuronal levels of malonyl-CoA act as neural sensors of fuel availability and regulators of energy balance and glucose homeostasis. The reduced expression of ACC in the hypothalamus of IUGR animals might lead to decreased formation of malonyl-CoA, eventually increasing LCFA utilization and, consequently, reducing LCFA cellular levels.
Overall, our findings are intriguing, showing reduced expression of two enzymes that physiologically lead to opposite final effects. Reduced CPT1C may in fact lead to the accumulation of LCFAs; on the contrary, decreased ACC may reduce intracellular LCFA. This observation suggests the existence of a negative feedback loop between the two enzymatic systems, finely controlling cellular concentrations of LCFA and ultimately regulating food intake and endogenous glucose production.
Our study was limited at birth and investigated gene expression only. Therefore, present data do not permit us to know whether the alterations in gene expression observed at birth are transient or permanent, or whether they compensate each other or in the long-term may determine hypothalamic dysregulation, eventually leading to insulin resistance and type 2 diabetes in adulthood, as previously described in the same animal model (20) .
In conclusion, our data show that uteroplacental insufficiency which leads to IUGR affects the expression of hypothalamic lipid sensing genes. The detailed knowledge of central lipid sensing mechanisms may lead to the design of specific modulators potentially helpful in the prevention and therapy of metabolic alterations associated to IUGR.
